Abstract-Preeclampsia, a hypertensive disorder of pregnancy, is detrimental to both mother and fetus. There is currently no effective treatment, but sildenafil, a phosphodiesterase-5 inhibitor, has been proposed as a potential therapy to reduce blood pressure and improve uteroplacental perfusion in preeclamptic patients. We hypothesized that sildenafil would improve the maternal syndrome and fetal outcomes in the Dahl S rat model of superimposed preeclampsia. Dahl S rats were mated, and half received sildenafil (50 mg/kg per day, via food) from day 10 through day 20 of pregnancy. The untreated Dahl S rats had a significant rise in blood pressure and a 2-fold increase in urinary protein excretion from baseline to late pregnancy; however, sildenafil-treated Dahl S rats exhibited ≈40 mm Hg drops in blood pressure with no rise in protein excretion. Sildenafil also increased creatinine clearance and reduced nephrinuria and glomerulomegaly. Sildenafil treatment reduced the uterine artery resistance index during late pregnancy in the Dahl S rat and improved fetal outcomes (survival, weight, and litter size). In addition, 19% of all pups were resorbed in untreated rats, with no incidence of resorptions observed in the treated group. Furthermore, tumor necrosis factor-α, endothelin-1, and oxidative stress, which are characteristically increased in women with preeclampsia and in experimental models of the disease, were reduced in treated rats. These data suggest that sildenafil improves the maternal syndrome of preeclampsia and blood flow to the fetoplacental unit, providing preclinical evidence to support the hypothesis that phosphodiesterase type 5 inhibition may be an important therapeutic target for the treatment of preeclampsia. (Hypertension. 2016;67:647-653.
P
reeclampsia is a leading cause of maternal morbidity and death worldwide, with an estimated 5% incidence in the United States.
1,2 Preeclampsia presents after the 20th week of gestation, and it is characterized by hypertension, proteinuria, and endothelial dysfunction. The mechanisms underlying the pathogenesis of preeclampsia are not yet well understood despite the global severity and incidence of this disease, and there are currently no effective treatments other than delivery of the placenta. The consequences of preeclampsia will not end on delivery, as women with preeclampsia, and their offspring, are known to be at an increased risk of cardiovascular disease later in life. 3, 4 The mechanisms underlying the pathogenesis of preeclampsia are not yet well understood. Therefore, the identification of therapeutic agents that ameliorate the maternal syndrome of preeclampsia, while also promoting the growth and safety of the fetus, are critical.
Recent studies in animal models of pregnancy-induced hypertension have suggested a potential therapeutic role of sildenafil citrate, a phosphodiesterase type 5 (PDE5) inhibitor, to improve maternal and fetal outcomes in preeclampsia. [5] [6] [7] Normally, PDE5 catalyzes the breakdown of cGMP, and the inhibition of PDE5 causes a sustained response from cGMP, improving endothelial function and vasodilation. Previous studies have shown that sildenafil has no adverse effects on maternal or fetal parameters during pregnancy in preeclamptic human patients 8 or in healthy Sprague Dawley rats. 9 In the Reduced Uterine Perfusion Pressure model of pregnancy-induced hypertension, sildenafil treatment significantly attenuated the hypertension during pregnancy, but had no effect on pup size or angiogenic factors. 6 Sildenafil treatment was found to improve fetal growth and normalize umbilical artery Doppler waveforms in the preeclamptic catechol-O-methyl transferase knockout −/− mouse model. 5 However, sildenafil administration in the L-NAME model of intrauterine growth restriction and preeclampsia has yielded mixed results with one study reporting that sildenafil treatment resulted in a decrease in pup weight 10 and another study demonstrated that sildenafil improved both maternal and March 2016 fetal outcomes. 11 Sildenafil treatment was not able to prolong pregnancy in preeclamptic women in a small clinical trial 8 ; however, this may have been because of late administration and suboptimal dosing. Thus, further studies are necessary to determine the potential efficacy and mechanisms of sildenafil in pregnancies complicated by hypertension and fetal growth restriction.
Previous studies in our laboratory have shown that the Dahl salt-sensitive (Dahl S) rat spontaneously exhibits a preeclamptic phenotype during pregnancy, characterized by increased blood pressure, severe exacerbation of proteinuria, increased fetal demise, and decreased pup size. 12 In this study, we tested the hypothesis that sildenafil treatment beginning on gestational day (GD) 10 (midpregnancy in the rat) would improve fetal outcomes and ameliorate the maternal syndrome in this model of superimposed preeclampsia.
Methods

Animals
Dahl salt-sensitive S (SS/jr) rats were obtained from the colony maintained by Dr Garrett at the University of Mississippi Medical Center, and they were fed normal chow (TD7034, 0.3% NaCl, Harlan Teklad, Madison, WI). Experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were monitored by the University of Mississippi Medical Center Institutional Animal Care and Use Committee. Sildenafil citrate (BIOTANG, Inc) was administered at 50 mg/kg per day to a subset of rats in a gel diet beginning on GD 10 through GD 20. Blood pressure was measured via telemetry, 9 and uterine artery resistance was measured via Doppler ultrasound. 12 On GD 20, rats were anesthetized for tissue collection, and renal histology and biochemical assays were performed as previously described. 12, 13 All data are presented as mean±SE. Statistical analyses were performed by either Student's t test (between the treated and the control groups) or repeated measures ANOVA (mean arterial pressure [MAP] and proteinuria data) using Sigma Plot 12 (Systat Software, Inc). Means were considered significantly different if P<0.05.
Results
Sildenafil Treatment Increases Urinary cGMP Excretion
In healthy pregnancy in women and in rats, cGMP excretion is increased because of increased nitric oxide (NO) production [14] [15] [16] ; however, this normal response to pregnancy is absent in the Dahl S rat. We found that urinary cGMP excretion is decreased in late pregnancy compared with virgin control Dahl S rats (52.7±5.1 versus 77.3±8.8 nmol/d, P<0.05; E.E. Gillis and J.M. Sasser, unpublished data, 2015) . To confirm the efficacy of treatment with sildenafil at the dose of 50 mg/ kg per day, we examined urinary excretion rates of cGMP in treated rats. Sildenafil treatment significantly increased cGMP excretion (77.0±8.6 nmol/d, P<0.05 versus control pregnant, Figure S1 in the online-only Data Supplement).
Increased MAP in the Pregnant Dahl S Is Reversed With Sildenafil Treatment
MAP was similar at baseline in the control and treated Dahl S rats (159.5±10.1 mm Hg versus 162.5±12.8 mm Hg). During the course of pregnancy, MAP steadily increased in the control group, with a significant increase during late pregnancy. Sildenafil treatment resulted in an immediate decrease in MAP beginning on GD 10, which was sustained throughout late pregnancy ( Figure 1A ). In Figure 1B , the change in MAP from baseline to late pregnancy reveals the efficacy of sildenafil at reducing blood pressure during pregnancy in the Dahl S rat, with ≈10 mm Hg rise in the control group and ≈38 mm Hg drop in the treated rats.
Improved Renal Function After Sildenafil Treatment
Urinary protein excretion was similar at baseline between the control and the treated groups (103.5±18.1 versus 96.0±19.3 mg/d). Normally during the course of pregnancy, the Dahl S rat exhibits an increase in proteinuria, 12 as shown in Figure 2A . However, urinary protein excretion remained unchanged throughout the course of pregnancy in the treated Dahl S rats, resulting in a significant difference between groups during mid and late pregnancy. In addition to preventing the rise in proteinuria during pregnancy in the Dahl S dams, sildenafil treatment also resulted in substantial increases in renal function in the pregnant Dahl S rats. Creatinine clearance was significantly increased, with a corresponding decrease in plasma creatinine, in the treated rats ( Figures 2B and 2C ). Urinary nephrin excretion was also decreased after sildenafil treatment ( Figure 2D ). During pregnancy, the Dahl S rat exhibits glomerulomegaly, 12 but sildenafil treatment prevented this renal damage. Glomerular area and diameter did not increase during pregnancy in the treated group compared with the untreated controls (Figure 3 ).
Sildenafil Attenuates the Elevated TNF-α, Endothelin-1, and Oxidative Stress in the Pregnant Dahl S Rat
Tumor necrosis factor-α, endothelin-1, and oxidative stress are characteristically increased in preeclamptic women and in animal models of preeclampsia, including the Dahl S rat. We previously published that tumor necrosis factor-α levels are increased in the Dahl S pregnancy. 12 We have also observed increases in urinary excretion of endothelin- Sasser, unpublished data, 2015) during pregnancy in the Dahl S rats compared with the virgin age-matched controls. Sildenafil treatment resulted in a significant reduction of tumor necrosis factor-α in both the plasma (55% reduction, Figure 4A ) and the placenta (26% reduction, Figure 4B ). Sildenafil-treated rats also had significant reductions in urinary excretion of endothelin-1 (49% reduction, Figure 4C ), TBARS (thiobarbituric acid reactive substances; 30% reduction, Figure 4D ), and isoprostanes (82% reduction, Figure 4E ).
Uterine Artery Resistance Index Is Normalized With Sildenafil Treatment
During normal pregnancy, uterine artery resistance index (UARI) is elevated during midpregnancy (ranging from 0.6 to 0.8), but UARI is expected to decrease during late pregnancy in response to systemic vasodilation. However, in the Dahl S rat UARI remains elevated (0.71±0.09) during late pregnancy, 12 as shown in Figure 5A . UARI was normalized with the administration of sildenafil in the Dahl S rat, with a significant reduction in UARI during late pregnancy (0.52±0.04). Sildenafil treatment also markedly affected the uterine artery waveform characteristics during late pregnancy. The Dahl S normally exhibits characteristic notching in the waveforms, as shown in Figure 5B . This notching is absent in the sildenafiltreated Dahl S rats ( Figure 5C ).
Sildenafil Improves Dahl S Fetal Growth
The adverse uterine environment causes intrauterine growth restriction during preeclampsia, resulting in decreased fetus size in human preeclamptic patients and preeclamptic animal models, including the Dahl S rat. 12 Sildenafil treatment significantly improved fetal growth in the Dahl S rat. Treated rats had significantly larger pups, as measured by an increase pup weight ( Figure 6A ) and an increase in pup length ( Figure 6B ). Although litter size did not significantly differ between the 2 groups ( Figure 6C , P=0.198), there was a dramatic decrease in fetal demise in the treated group compared with the control group (1.3% versus 18.8%), as shown in Figure 6D . Placental efficiency, as measured by the ratio of placenta weight to pup weight, was also improved by the sildenafil treatment. Placental weight decreased even though pup size increased, resulting in an improved placenta:pup ratio ( Figure 6E ).
Discussion
Preeclampsia is a serious disorder of pregnancy, and there is a critical need for new therapeutics to simultaneously treat the maternal syndrome and foster fetal growth. The goal of this study was to determine if PDE5 inhibition is a potential therapeutic target in preeclampsia, and we report novel findings that sildenafil treatment is able to ameliorate the maternal syndrome and rescue fetal growth in the preeclamptic Dahl S rat. The major findings of this study were that sildenafil treatment during preeclamptic pregnancy resulted in (1) sustained reductions in MAP with improved renal function, (2) decreased UARI, and (3) significantly increased fetal growth.
Hypertension and proteinuria are 2 of the hallmark features of preeclampsia, and have been previously described by our laboratory in the preeclamptic Dahl S rat. 12 Sildenafil treatment resulted in immediate and sustained decreases in blood pressure and also improved renal function in the Dahl S rat. Our findings suggest that the reduced blood pressure and renal function in rats treated with sildenafil may be because of decreased levels of tumor necrosis factor-α, endothelin-1, and oxidative stress, 3 factors that have been implicated in the pathogenesis of preeclampsia in several studies. [17] [18] [19] Furthermore, these results are in line with previous studies in other animal models of preeclampsia. Sildenafil also improves the maternal syndrome of preeclampsia observed in the Reduced Uterine Perfusion Pressure model of pregnancy-induced hypertension 6 and significantly decreases blood pressure, proteinuria, and sFlt-1 (soluble fms-like tyrosine kinase-1) and sEndoglin levels in the L-NAME rat model of preeclampsia. 11, 20 Furthermore, studies in human patients have reported similar effects on the maternal syndrome of preeclampsia. Several case studies have reported that patients with idiopathic pulmonary arterial hypertension have improved maternal and fetal outcomes when given sildenafil during pregnancy. [21] [22] [23] In an early clinical trial, sildenafil treatment was not effective in prolonging pregnancy in preeclamptic women, despite decreasing maternal blood pressure. 8 This negative outcome on time to delivery may be because of insufficient plasma concentrations of sildenafil because of the slow dosing regimen that was needed to ensure patient safety, the lack of early intervention and, potentially, differences in the pharmacokinetic profile of sildenafil in preeclamptic women. Therefore, additional studies are needed to determine the efficacy of sildenafil in patients with preeclampsia, and in particular those with preeclampsia superimposed on pre-existing hypertension. Currently in the planning stages, the Dutch STRIDER (Sildenafil Therapy in Dismal Prognosis EarlyOnset Intrauterine Growth Restriction) trial proposes to further investigate the potential therapeutic role of sildenafil in pregnancies complicated by intrauterine growth restriction. 24 Sildenafil is a PDE5 inhibitor that prolongs the effects of NO-cGMP signaling by inhibiting the breakdown of the second messenger, cGMP. Potentiation of NO-cGMP signaling in the vasculature causes vasodilation, resulting in increased blood flow. Decreased NO activity is a characteristic feature in animal models of preeclampsia, 19 and preliminary studies in sheep have reported that PDE5 is localized in the maternal portion of the uteroplacental unit. 25 Furthermore, inhibition of PDE5 by sildenafil significantly enhanced vasorelaxation in myometrial small arteries taken from women with preeclampsia and fetal growth restriction. 26 Vasorelaxation of the uterine arteries could enhance uteroplacental blood flow to improve fetal outcomes. This is consistent with the results reported in this study, in which we report that sildenafil treatment decreases UARI and prevents notching in the uterine artery Doppler waveforms, suggesting an improvement in uteroplacental perfusion during late pregnancy. The effects on UARI reported here have previously been described in human preeclamptic patients as well. 27 In 1 case study, sildenafil treatment significantly improved uterine artery pulsatility index in a patient having fetal growth restriction. 27 The beneficial effects of sildenafil treatment in the Dahl S dams are also advantageous for the Dahl S pups. Sildenafiltreated Dahl S dams had significantly larger pups with a dramatic decrease in the rate of fetal demise, potentially as a result of improved uteroplacental blood flow after the dilation of the uterine arteries. A similar effect on fetal growth by sildenafil treatment has previously been described in the catechol-O-methyl transferase knockout −/− mouse model, corresponding with a decrease in umbilical artery resistance index. 5 Isolated case studies in women presenting with intrauterine growth restriction have previously reported substantial increases in fetal weight after sildenafil administration. 27, 28 Sildenafil's beneficial effects on the fetus are vital because preeclampsia is a disease that is simultaneously affecting 2 patients, the mother and the fetus. It has therefore been proposed that restoration of the vasodilatory NO pathway both systemically and specifically in the uteroplacental vasculature via PDE5 inhibitors, such as sildenafil may be a novel, effective therapeutic option for this disease.
Perspectives
In this study, sildenafil treatment resulted in improved fetal growth and significant amelioration of the maternal syndrome in a spontaneously preeclamptic rat model, the Dahl S rat. These data suggest that sildenafil improves blood flow to the fetoplacental unit despite lowering maternal blood pressure, providing preclinical evidence to support the hypothesis that phosphodiesterase-5 inhibition is a therapeutic target for the treatment of preeclampsia. Future work is needed to determine the effects of sildenafil treatment on placental development and angiogenesis to further elucidate the mechanisms by which PDE5 inhibition and enhancement of NO-cGMP signaling are beneficial to both the mother and the fetus during preeclamptic pregnancy.
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